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Summary: Tricarbonyliron(0) complexes of novel cyclohexadiene ligands possessing quaternary centers 
have been synthesized and characterized by 
1
H and 
13
C NMR and by X-ray crystallography. The 
ligands, which are derived via an unusual microbial oxidation of benzoic acid, have been shown to 
undergo oxidative modification post-complexation. The factors that influence facial discrimination upon 
complexation are discussed. 
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Introduction 
The first example of a tricarbonyl(cyclohexadiene)iron complex was reported by Pauson over 50 years 
ago.
1
 Such complexes have since proven to be of great utility as intermediates in synthesis due to the 
stereocontrol that may be exerted in diene coordination and subsequent ligand manipulation.
2
 Synthesis 
of enantiopure tricarbonyl(diene)iron complexes requires either coordination of the tricarbonyliron 
fragment with a prochiral diene and a subsequent resolution of enantiomers, use of an asymmetric 
tricarbonyliron transfer agent
3
 or, more directly, diastereoselective coordination of the tricarbonyliron 
fragment with a diene ligand already containing one or more stereocenters. The resultant facial isomers 
in this case are diastereoisomeric, hence are separable without recourse to resolution; indeed, if transfer 
of stereochemical information from the preexisting stereocenter(s) is efficient, a single isomer may be 
produced. Rigid cyclohexadiene ligands where one or both of the sp
3
-hybridized carbons are 
stereocenters exhibit excellent stereoinduction upon complexation, when Lewis-basic substituents are 
present, as shown by the examples from Stephenson
4
 and Pearson
5
 illustrated in Scheme 1. The 
complete stereoselectivity in complexation observed has been rationalized in terms of precoordination of 
a 16 valence-electron tetracarbonyliron fragment to one of the ligand hydroxy groups (Scheme 2). 
 
Scheme 1. Single (endo) isomer obtained in each instance 
Scheme 2.  
 3 
The cyclohexadiene diols 1 are available in enantiopure form via the microbially-mediated 
dearomatizing oxidation of arene precursors. In excess of 400 such arene-derived diols are known and 
have found extensive applications in synthesis.
6
 In the vast majority of cases, substituted arenes are 
metabolized to furnish 2,3-diols of type 1. Much rarer are examples that furnish 1,2-diols such as 7 
(Scheme 3). 
Scheme 3.  
The conversion of benzoic acid to 1,2-dihydroxycyclohexa-3,5-diene-1-carboxylic acid (7, >95% e.e.) 
can be effected by R. eutrophus B9
7
 and Myers has recently demonstrated the versatility of this 
compound as a building block for organic synthesis.
8
 However, to date it has not been used in 
organometallic chemistry. The 1,2-diol 7 differs from the 2,3-diols used by Pearson and Stephenson in 
that one of the sp
3
 carbons is a quaternary center. We report below that this difference is relevant in the 
contexts of facial selectivity upon complexation and of subsequent derivatization of the ligand. 
Numerous examples of tricarbonyl(cyclohexadiene)iron complexes possessing a quaternary center on 
the cyclohexadiene ligand are known. However, the majority of these are assembled by ligand 
modification post-complexation,
9
 often by a [η4]→[η5]+→[η4] sequence.10 Complexation of a 
tricarbonyliron fragment to a cyclohexadiene ligand with a preexisting quaternary center is much less 
common.
11
 So far, the only enantiopure ligands incorporating this structural motif that have been used 
for tricarbonyliron complex formation have been polycyclic steroid derivatives.
12
 Thus, to our 
knowledge, this work constitutes the first report of tricarbonyliron complex formation from an 
enantiopure non-annelated cyclohexadiene possessing a quaternary center. 
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Results and Discussion 
We first attempted the direct complexation of 7 by treatment with Fe2(CO)9 in THF, but this resulted 
only in intractable mixtures. We therefore derivatized 7 as the corresponding methyl ester 8 by treatment 
with trimethylsilyldiazomethane in methanol/benzene.
8c
 The resultant crude ester was then directly 
treated with Fe2(CO)9 to furnish endo complex 9 as the sole isomer (Scheme 4). 
Scheme 4.  
Optimization of reaction conditions established that THF afforded marginally superior yields to Et2O. 
The thermal instability of 8 precluded heating (it decomposes above room temperature via a facile 
elimination of water with concomitant rearomatization), but a long reaction time (16 d) could be simply 
employed instead, giving 9 in 55% yield (over 2 steps) as a yellow air-stable solid after purification by 
chromatography. Single crystals of complex 9 suitable for X-ray structure determination were obtained 
from diffusion of petroleum ether into a solution of 9 in CH2Cl2 (Figure 1). 
 
Figure 1. Solid state structure of 9. Ellipsoids are represented at 30% probability.  
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In the initial formation of complex 9, we considered it to be significant that a single facial isomer was 
produced. As discussed above, there is extensive precedent for stereocontrol when Lewis-basic hydroxyl 
or ether group(s) are present. However, ester groups are also reported to exert control over 
stereoselectivity of facial complexation.
13
 As such, due to the quaternary center in 8, it may be regarded 
as a “competition ligand”, in that both diene faces present Lewis-basic functionality towards an incipient 
tetracarbonyliron fragment. One other such example, from Berchtold and Ashworth, exists in the 
literature,
14
 in which the cyclohexadiene ligand possesses an acetate group on one face and, on the 
adjacent carbon, a methoxy group on the other face. In this case, the sole isomer formed upon 
complexation is that in which the acetate group is endo, (±)-10, implying that the acetate functionality is 
a markedly better site of coordination for the incoming tetracarbonyliron fragment than the methyl ether. 
In contrast, our example shows a diol to be a markedly more effective directing group than a methyl 
ester (Figure 2).  
 
Figure 2. Berchtold’s precedent for complexation of “competition” ligands.  
This complete reversal of effects (ester dominant directing group vs. ester not dominant directing 
group) may plausibly be rationalized not only in terms of the superior directing ability of the diol, but 
also in terms of ester regiochemistry – in complex (±)-10 the ester carbonyl oxygen (presumed initial 
site of coordination) is more remote than in complex 9.  
With diol 9 in hand, we sought to modify the diene ligand to access complexes that would not be 
accessible from the corresponding uncomplexed diene. Specifically, we undertook the oxidation of the 
secondary alcohol in 9 to form cyclohexadienone complex 11 (Scheme 5). The corresponding free 
cyclohexadienone ligand is not known and a close analogue (derivatized at the tertiary alcohol) has been 
 6 
shown to be unstable with respect to Diels–Alder dimerization,8c as is the case for many 
cyclohexadienones.  
Scheme 5.  
We anticipated that the transformation depicted in Scheme 5 would be challenging, since it constitutes 
a selective oxidation of the alcohol in the presence of the oxidatively labile tricarbonyliron moiety. An 
approach which has been shown to be compatible with tricarbonyliron(diene) complexes is hydride 
abstraction with trityl salts proceeding via a η5 intermediate (Scheme 6). Treatment of complex 9 with 
trityl tetrafluoroborate in CH2Cl2 did indeed provide access to 11 as a slightly air sensitive yellow solid, 
but in low yield (26% after chromatography), which could not be improved upon variation of the 
reaction conditions. In considering possible reasons for this low yield, consideration was given to 
dehydroxylation as opposed to hydride abstraction as an alternative reaction manifold (the η5 product of 
dehydroxylation would not be expected to be stable
14
). Such competing pathways have been observed 
previously.
4b,c
 Electron-withdrawing groups have been shown to favor hydride abstraction over 
dehydroxylation, but this has been demonstrated conclusively only when the EWG is in conjugation 
with the diene;
5
 the likely electronic influence of the ester in 9 on the reaction pathway may therefore 
not be predicted with confidence. Moreover, both hydride abstraction and dehydroxylation with trityl 
salts are very sensitive to steric hindrance.
15
 Thus, dehydroxylation is not plausible in this instance as it 
would require approach of the bulky trityl cation to the endo face. Similarly, the presence of the exo 
ester functionality on the quaternary center in 9 likely retards the approach of the bulky trityl cation to 
the adjacent exo hydride. 
Scheme 6.  
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We undertook to improve the yield of 11 by screening different oxidations.
16
 Manganese dioxide 
transpired to be the only oxidant able to furnish 11 in a useful yield (59%). The success of MnO2 in 
effecting this transformation is particularly noteworthy, since whilst it is an oxidant of choice for 
oxidation of uncomplexed allyl alcohols, to date it has not been reported for the corresponding 
transformation of tricarbonyliron(cyclohexadienol) complexes. Three examples have been reported for 
tricarbonyliron complexes of other dienol ligand types (cyclobutadiene
17
 and acyclic dienes
18
), but far 
more prevalent in the literature are examples of manganese dioxide effecting oxidative cleavage of the 
tricarbonyliron fragment from the diene.
19
 Also, a preference for transfer of an endo hydride to the 
oxidant has been noted
20
 in manganese dioxide-induced cyclizations of tricarbonyliron(diene) 
complexes, in contrast to the example at hand, which necessarily involves exo hydride removal.  
Single crystals of complex 11 suitable for X-ray structure determination were obtained from diffusion 
of petroleum ether into a solution of 11 in CH2Cl2 (Figure 3). 
 
Figure 3. Solid state structure of one of the six ketone molecules in the asymmetric unit of 11. 
Ellipsoids are represented at 30% probability. Disordered partial atoms omitted for clarity. 
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It is revealing to compare the NMR spectra of complexes 9 and 11. For complex 9, all 
1
H and 
13
C 
resonances were assigned unambiguously by means of COSY, HMQC and HMBC spectra. The presence 
of the ester in 9 perturbs the chemical shifts of the diene protons such that the internal diene protons H4 
and H5 resonate at 5.39 and 5.34 ppm respectively (Δδ = 0.05 ppm). The corresponding protons in the 
complex lacking the ester (2, R=H) are observed at 5.29 ppm.
21
 The external diene protons in complex 9 
display a more pronounced separation, with H3 and H6 observed at 3.21 and 2.84 ppm respectively (Δδ 
= 0.37 ppm).
22
 In the 
13
C spectrum, the iron carbonyls are observed as a single resonance at 210.2 ppm, 
indicative of fast turnstile rotation of these ligands at room temperature. In contrast to diol complex 9, 
all 
1
H and 
13
C resonances of ketone complex 11 could not be assigned unambiguously. Specifically, the 
pair of external diene signals (H3 and H6) could not be differentiated, nor could the pair of internal 
diene signals (H4 and H5); 2D NMR experiments did not resolve this ambiguity and a possible nOe 
interaction between the methyl ester protons and H6 was not observed. Regardless, it is interesting to 
compare the observed chemical shifts with those for complex 9. The effect of additional electronic 
perturbation due to the ketone is such that for complex 11, the separation of the internal diene protons 
H4 and H5 (Δδ = 0.27 ppm) is greater than that for the external diene protons H3 and H6 (Δδ = 0.08 
ppm), the opposite effect to that observed for 9. In the 
13
C spectrum of 11, the iron carbonyls are again 
observed as a single resonance, but at a lower chemical shift (207.3 ppm) than for those in 9. We ascribe 
this upfield shift to the enhanced π-acidity of the dienone ligand23 in 11 with respect to the diene in 9, 
and the corresponding decrease in back-bonding to the carbonyl ligands. Additional evidence for this 
may be seen in the infrared spectra (νCO 2069, 1991 cm
-1
 for 11, νCO 2049, 1958 cm
-1
 for 9). The X-ray 
structural determinations reveal a mean Fe–C bond length of 1.798Å for the carbonyl ligands in 9, which 
is comparable to those observed for the two other reported tricarbonyliron(cyclohexadienediol) X-ray 
structures (2, R=CF3, with a mean Fe–C bond length of 1.794Å for the carbonyl ligands
5
 and the 
bis(benzoate) of 2, R=H, with a mean Fe–C bond length of 1.800Å for the carbonyl ligands21). In 
striking contrast, the mean Fe–C bond length for the carbonyl ligands in 11 is 1.814Å, also highly 
suggestive of decreased iron-to-carbonyl back-bonding in this complex. 
 9 
In conclusion, we have introduced a novel class of ligand for tricarbonyliron chemistry and 
demonstrated the viability of post-complexation ligand modification. The complexes reported herein 
afford some insight into the relative magnitude of the directing effects of various functional groups in 
tricarbonyliron complexation.  
 
Experimental Section
 
General Procedures and Instrumentation. Reactions which required the use of anhydrous, inert 
atmosphere techniques were carried out under an atmosphere of nitrogen. Nonacarbonyldiiron was 
dispensed in a glovebox, but all subsequent isolation and purification procedures were performed in a 
fumehood, open to the atmosphere. Solvents were dried and degassed by passing through anhydrous 
alumina columns using an Innovative Technology Inc. PS-400-7 solvent purification system. Petrol 
refers to petroleum ether, bp 40-60 °C. TLCs were performed using aluminum-backed plates precoated 
with Alugram
®
SIL G/UV and visualized by UV light (254 nm) and/or KMnO4 followed by gentle 
warming. Flash column chromatography was carried out using Davisil LC 60Å silica gel (35-70 micron) 
purchased from Fisher Scientifics. Nonacarbonyldiiron was purchased from Sigma-Aldrich and used as 
received. IR spectra were recorded on Perkin-Elmer 1600 FT IR spectrometer with absorbances quoted 
as ν in cm-1. NMR spectra were run in CDCl3 on Brüker Avance 300 or 500 MHz instruments at 298 K. 
Mass spectra were recorded with a micrOTOF electrospray time-of-flight (ESI-TOF) mass spectrometer 
(Brüker Daltonik). Specific rotations were recorded on an Optical Activity AA-10 Automatic 
polarimeter with a path length of 1 dm. Concentrations (c) are quoted in g/100 mL. Elemental analyses 
were performed using an Exeter Analytical CE 440 analyzer.  
Synthesis of (–)-(3S)-Tricarbonyl(η4-(1S,2S)-methyl 1,2-dihydroxycyclohexa-3,5-
dienecarboxylate)iron(0) (9). To 1.11 g (7.09 mmol, 1.00 equiv) of 7 was added benzene-MeOH (1:1, 
100 mL). The resultant turbid solution was stirred at room temperature and Trimethylsilyldiazomethane 
(2.0M solution in hexanes) was added dropwise via syringe over 15 mins until effervescence ceased and 
a yellow color persisted (≈6.5 mL). The reaction mixture was stirred for 2 h, then concentrated under 
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reduced pressure and dried under high vacuum to give crude ester 8, (1.21 g, 100%), used immediately 
without purification. To this crude ester 8 was added nonacarbonyldiiron (2.79 g, 7.67 mmol, 1.08 
equiv).  THF (100 mL) was added and the reaction mixture was stirred at room temperature for 7 d. An 
aliquot was removed and analyzed by NMR, which indicated the presence of unreacted 8. Thus, the 
reaction mixture was added via cannula to an additional portion of nonacarbonyldiiron (2.73 g, 7.49 
mmol, 1.05 equiv) and stirred at room temperature for 9 d. The reaction mixture was concentrated under 
reduced pressure (Care! Toxic pentacarbonyliron distilled over at this point) and the crude product was 
purified by chromatography (40% EtOAc-petrol) to give 9 (1.37 g, 55% over 2 steps) as a yellow solid. 
Crystals suitable for X-ray diffraction were grown from CH2Cl2/petroleum at room temperature; mp 
130-132 °C; Rf 0.22 (40% EtOAc-petrol); Rf 0.74 (70% EtOAc-petrol); [α]D
25
 –190° (c 0.1, CH2Cl2); 
1
H 
NMR (300 MHz, CDCl3): δ 5.39 (1H, dddd, J = 6.0, 4.0, 1.5, 1.0 Hz, H4), 5.35 (1H, ddd, J = 6.0, 4.5, 
2.0 Hz, H5), 3.91-3.88 (1H, m, H2), 3.88 (1H, s, C1-OH), 3.74 (3H, s, -OCH3), 3.21 (1H, dt, J = 6.5, 2.0 
Hz, H3), 3.17 (1H, d, J = 7.0 Hz, C2-OH)  2.84 (1H, dd, J = 6.0, 2.0 Hz, H6); 
13
C{
1
H} NMR (75.4 
MHz, CDCl3): δ 210.2 (3 × Fe(CO)), 174.9 (-COOCH3), 84.6 (C5), 84.3 (C4), 77.3 (C1), 72.1 (C2), 
67.4 (C3), 64.5 (C6), 53.5 (-COOCH3); νmax (film) 3417, 3007, 2957, 2049 (Fe νCO), 1958 (Fe νCO), 
1723 (ester νCO), 1436, 1381, 1236, 1172, 1135, 1062, 1020, 981, 940, 911, 869, 831, 794, 732 cm
-1
; 
ESI-TOF MS: [M + Na]
+
 m/z = 332.9657 (theoretical m/z = 332.9674). Anal. Calcd for C11H10FeO7: C, 
42.6; H, 3.25. Found: C, 43.0; H, 3.22.  
Synthesis of (–)-(3S)-Tricarbonyl(η4-(1S)-methyl 1-hydroxy-2-oxocyclohexa-3,5-
dienecarboxylate)iron(0) (11). To diol 9 (983 mg, 3.17 mmol, 1.00 equiv), activated powdered 4Ǻ 
molecular sieves (280 mg) and MnO2 (5.51 g, 63.4 mmol, 20.0 equiv) was added CH2Cl2 (50 mL). The 
reaction mixture was stirred at room temperature for 21 h, then filtered through a plug of Celite, washed 
through with CH2Cl2. The filtrate was concentrated under reduced pressure and purified by 
chromatography (8% isopropanol-hexane) to give 11 as a yellow powder (572 mg, 59%). Crystals 
suitable for X-ray diffraction were grown from CH2Cl2/petroleum at room temperature; mp 122 °C;  Rf  
0.13 (8% isopropanol-hexane); [α]D
25
 –160° (c 0.1, CH2Cl2); 
1
H NMR (300 MHz, CDCl3): δ 5.92 (1H, 
 11 
ddd, J = 6.0, 5.0, 2.0 Hz, H4 or H5), 5.65 (1H, ddd, J = 6.5, 5.0, 1.5 Hz, H4 or H5), 4.05 (1H, s, -OH), 
3.70 (3H, s, -OCH3), 3.42 (1H, dd, J = 6.0, 1.0 Hz, H3 or H6), 3.34 (1H, dd, J = 6.5, 2.0 Hz, H3 or H6); 
13
C{
1
H} NMR (75.4 MHz, CDCl3): δ 207.3 (3 × Fe(CO)), 188.8 (C2), 170.3 (-COOCH3), 86.6 (C4 or 
C5), 84.7 (C4 or C5), 73.1 (C1), 60.7 (C3 or C6), 56.9 (C3 or C6), 53.3 (-CH3); νmax (film) 3430, 2957, 
2917, 2850, 2069 (Fe νCO), 1991 (Fe νCO), 1737 (ester νCO), 1667 (ketone νCO), 1455, 1364, 1254, 1224, 
1130, 1100, 1025, 978, 801, 733 cm
-1
; ESI-TOF MS: [M + H]
+
 m/z = 308.9702 (theoretical m/z = 
308.9697). Anal. Calcd for C11H8FeO7: C, 42.9; H, 2.62. Found: C, 43.0; H, 2.60. 
X-ray Structure Determination. Single crystals of compounds 9 and 11 were analysed at 150 K, 
using Mo(K) radiation on a Nonius Kappa CCD diffractometer.  Details of the data collections, 
solutions and refinements are given in Table 1.  The structures were solved using SHELXS-97
24
 and 
refined using full-matrix least squares in SHELXL-97
24
. Data collection, structure solution and 
refinement of the model posed no problems for compound 9. However, the meandering route towards 
the presented model for 11 was not straightforward. In the first instance, obtaining crystals of suitable 
quality involved copious strenuous efforts. This became increasingly important after the first of eight 
data collections suggested that the crystal structure would only solve in space group P1 with six 
molecules in the unit cell. The mediocre quality of the first crystal batch plus the concern that the sample 
might be twinned (the unit cell can be metrically transformed into a monoclinic C setting) necessitated 
very rigorous analysis before presenting the data herein. Thus, some months later, several data sets and 
extensive study has afforded a model that arises from a small, but non-twinned crystal, for which one 
can be confident the space group is correct – this crystallographer having previously doubted this 
symmetry possibility. Once an optimum data set had been obtained for 11, as described above, 
refinements were generally straightforward with the following exceptions and points of note. Firstly, in 
11, the methoxy groups in all six ester moieties are disordered in a 50:50 ratio with the carbonyl 
functionality present in the same ester. Hydrogen atoms attached to the diene carbons were located in 
both structures, and refined at a distance of 0.98Å from the relevant parent atoms. The absolute 
configuration could be readily determined via the X-ray data. Intermolecular hydrogen bonding 
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involving the hydroxyl proton of the functionality attached to the quaternary carbon, and the oxygen 
(hydroxyl in 9, ketonic in 11) bonded to the neighboring carbon in the cyclohexadiene moiety was 
clearly evident. In addition, H7a in 9, interacts with O5 from a proximate lattice neighbor to render 
hydrogen-bonded chains along the b axis in the gross structure.  
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Table 1.  Crystal data and structure refinement for compounds 9 and 11. 
 
 Compound 9 11 
 Empirical formula C11H10FeO7 C11H8FeO7 
 Formula weight 310.04 308.02 
 Crystal system Monoclinic Triclinic 
 Space group P212121 P1 
 a / Å 8.0220(1)  6.6880(3)  
 b / Å      8.1780(1)  6.7010(3)  
 c / Å      18.1270(3)  46.634(2)  
  / o 90 85.896(1) 
  / o 90 85.972(2) 
  / o 90 60.254(3) 
 U / Å
3 
1189.20(3) 1808.47(15) 
 Z 4 6 
 Dc / gcm
-3 
1.732 1.697 
  / mm-1 1.295  1.277  
 F(000) 632 936 
 Crystal size / mm 0.20 x 0.30 x 0.40 0.22 x 0.07 x 0.07 
 Theta min., max for data collection 3.56, 29.13 4.21, 25.00 
 Index ranges -10<=h<=10;  
-11<=k<=11;  
-24<=l<=24 
-7<=h<=7;  
-7<=k<=7;  
-55<=l<=55 
 Reflections collected 25065 14425 
 Independent reflections, Rint 3187, 0.0524 9757, 0.0357 
 Reflections observed (>2) 2889 8640 
 Absorption correction Multi-scan Multi-scan 
 Max., min. transmission 0.68, 0.63 0.787, 0.745 
 Data / restraints / parameters 3187 / 4 / 193 9757 / 27 / 1177 
 Goodness-of-fit on F
2
 1.108 1.023 
 Final R1, wR2 [I>2(I)] 0.0259, 0.0588 0.0318, 0.0629 
 Final R1, wR2 (all data) 0.0349, 0.0622 0.0418, 0.0662 
 Absolute structure parameter 
 
-0.034(14) -0.017(10) 
 Largest diff. peak, hole / eÅ
-3
 0.644, -0.856  0.330, -0.362  
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